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Abstract
Thanks to extensive observations with X-ray missions and facilities working in other wavelengths, as
well as rapidly–advancing numerical simulations of accretion flows, our knowledge of astrophysical black
holes has been remarkably enriched. Rapid progress has opened new areas of enquiry, including mea-
surements of black hole spin, the properties and driving mechanisms of jets and disk winds, the impact of
feedback into local environments, the origin of periodic and aperiodic X-ray variations, and the nature of
super-Eddington accretion flows, among others. The goal of this White Paper is to illustrate how ASTRO-H
can make dramatic progress in the study of astrophysical black holes, particularly the study of black hole
X-ray binaries.
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1 Introduction
Black hole X-ray binaries are laboratories for the study of fundamental physics, including strong gravitation,
the nature of gas accretion and ejection over many orders of magnitude in accretion rate, and feedback between
black holes and their host environments. Though the known population of these sources in the Milky Way and
Magellanic Clouds is much smaller than the population of massive black holes that power active galactic nuclei
(AGN), the proximity of Galactic X-ray binaries enables very sensitive observations. Moreover, the short time
scales intrinsic to X-ray binaries make it possible to study the evolution of accretion flows into distinct phases
or “states” that may connect with and explain different AGN classes.
Studies of black hole X-ray binaries with current and recent missions, including, e.g., RXTE, Chandra,
XMM-Newton, Swift, and Suzaku, have made enormous progress. Observations have begun to constrain the
angular momenta or “spin” of some black holes (e.g. Miller et al., 2002, 2009; Hiemstra et al., 2011; Reis
et al., 2009b, 2011, 2012b; Shafee et al., 2006; McClintock et al., 2006; Steiner et al., 2011), and to explore
connections between accretion disks and jets (e.g. Fender et al., 2004). Some spectra have hinted at the very
nature of disk accretion itself (e.g. Miller et al., 2006a, 2008), while others point to complexity or structure in
hard X-ray coronae (e.g. Makishima et al., 2008). Ionized X-ray disk winds have been discovered; these winds
may bear close analogy to the X-ray warm absorbers observed in Seyfert AGN (King et al., 2013). At the
same time, robust detections of quasi-periodic oscillations have finally been obtained from massive black holes
(Gierlin´ski et al., 2008; Reis et al., 2012a). “Ultra-luminous” X-ray sources have been studied in some detail;
some modeling suggests that ultra-luminous X-ray sources (ULXs) are examples super-Eddington accretion
(e.g. Gladstone et al., 2009; Vierdayanti et al., 2006a), while others treatments suggest that a subset of the
most extreme ULXs may harbor intermediate-mass black holes (e.g. Matsumoto et al., 2001; Strohmayer &
Mushotzky, 2003; Farrell et al., 2009; Strohmayer & Mushotzky, 2009; Sutton et al., 2012).
It is particularly noteworthy that many of these advances have bridged the mass scale, revealing a host of
phenomena to actually be present in both stellar-mass black holes and AGN. It is also fortuitous that much of
this observational progress has happened concurrently with rapid advances in numerical simulations of accre-
tion flows (e.g. Ohsuga & Mineshige, 2011; O’Neill et al., 2011; Schnittman et al., 2012; McKinney et al.,
2012). In this sense, the last several years have been something of a golden moment in the study of black hole
X-ray binaries. However, progress on both observational and theoretical fronts has opened new areas of en-
quiry, and highlighted the need to make further progress in some emerging and established areas. A necessarily
incomplete list of developing questions might include:
• What is the distribution of stellar-mass black hole spin parameters?
• Can systematic errors associated with spin constraints be reduced?
• What are the processes by which disk winds and jets are powered?
• How much mass and energy do winds and jets carry away to which direction?
• What is the geometry of the hard X-ray corona, and what emission mechanisms power hard X-ray pro-
duction?
• Which emission mechanisms dominate at low Eddington fraction?
• Is gas bound to black holes at very low Eddington fraction?
• How can we understand the origin of the complex X-ray variability?
• What does super-Eddington accretion look like?
In each of these cases, ASTRO-H (Takahashi et al., 2012) will be able to make progress or make revolutionary
observations. Its bandpass, sensitivity, and instrument complement are well suited to addressing each of these
problems. The impact of these advances will be registered in many distinct areas of astrophysics. The goal
of this White Paper is to explain how the instrumentation aboard ASTRO-H - coupled with carefully-planned
observations - can make dramatic progress in the study of black hole X-ray binaries in particular, and black
hole accretion generally.
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2 Black hole spin
2.1 Current Black Hole Spin Measurements
X-ray measurements of black hole spin amount to explorations of some of the most fundamental predictions
of General Relativity. Indeed, X-ray measurements and sub-mm VLBI imaging (Doeleman et al., 2008, 2012)
are currently the only two means of probing gravitation in the strong field limit, and the latter will only work in
two cases (Sgr. A* and M87). Even binary radio pulsars are typically separated by large multiples of GM/c2;
in contrast, the accretion disk around a maximally-spinning ”Kerr” black hole can extend to just ∼ GM/c2.
Apart from revealing a fundamental physical theory, black hole spin measurements likely hold the keys to
understanding the birth and evolution of black holes (Miller et al., 2011), and the processes by which relativistic
jets are launched (Narayan & McClintock 2012; Steiner et al. 2013; however see Fender et al. 2010; Russell
et al. 2013; King et al. 2013).
Affecting a large change to the spin of a black hole requires a doubling of its mass. The spin of a black
hole can therefore reveal the nature of its formation and evolution. In the case of massive black holes in
galaxy centers, the spin of the central black hole is determined by accretion and by mergers. In general, these
processes likely work in opposite directions, with accretion increasing the spin of the hole, and black hole
mergers reducing the spin as spin vectors are not typically aligned (see, e.g., Berti & Volonteri, 2008). In
contrast, a stellar-mass black hole with a low-mass companion star cannot double its mass, and a high-mass
companion does not live long enough for mass doubling (nor is it clear that the accretion is not chaotic). This
means that the spin of stellar-mass black holes is a rare glimpse into the inner workings of supernovae and/or
gamma-ray bursts (e.g. Gammie et al., 2004).
Studies of massive black holes - particularly those at the center of galaxy clusters - have shown that relativistic
jets are able to strongly influence large scale structure (e.g. Fabian et al., 2006). The cavities blown by jets can
be used as coarse bolometers to trace the power of the jet (e.g. Allen et al., 2006), which is otherwise difficult
since radio luminosity is not a precise trace of jet power (e.g. Merloni & Heinz, 2007). The power requirements
implied by most extreme cavities require tapping the spin energy of a near-maximal Kerr black hole with a very
high mass (McNamara et al., 2009). Of course, this is consistent with the predictions of Blandford & Znajek
(1977), who showed that black hole spin energy could be tapped to power jets through magnetic connections
to the ergosphere. Note, however, that recent theoretical work points to the importance of magnetic flux, not
just spin (Sikora & Begelman, 2013); moreover, a broad range of spins may be difficult to reproduce in current
cosmological simulations (Volonteri et al., 2013). Again, though, the timescales natural to massive black holes
can complicate efforts to connect jet power and spin, whereas stellar-mass black holes may enable an answer
to the problem of jet production.
All current means of measuring the spin of a black hole actually measure the inner radius of the accretion
disk. The measurements rely on the assumption that the disk is truncated at the innermost stable circular
orbit, or ISCO, which is set by General Relativity and sensitive to the spin parameter of the black hole (see e.g.
Bardeen et al., 1972). In practice, this amounts to an assumption that there is a marked contrast in the emissivity
of the plunging gas within the ISCO, relative to gas on stable orbits in the disk outside of the ISCO. There is
no observational means of testing this assumption, but the latest numerical simulations specifically aimed at
examining this assumption (those that analyze a large φ angle and numerous orbital timescales) suggest that the
assumption is robust as long as radiative cooling is efficient (Shafee et al., 2008; Noble et al., 2009; Reynolds
& Fabian, 2008). The assumption of a disk that remains at the ISCO must break down at a low fraction of the
Eddington luminosity (LEdd). However, the exact Eddington fraction at which this occurs is not yet clear. Some
results suggest that the disk remains close to the ISCO for L ≥ 0.001 LEdd and recedes at lower luminosity (e.g.
Tomsick et al., 2009; Reis et al., 2010, 2011), while other results suggest that the disk may recede at a higher
Eddington fraction (e.g. Makishima et al., 2008; Takahashi et al., 2008; Shidatsu et al., 2011).
There are currently three viable means of constraining or measuring the spin parameter of a black hole: quasi-
periodic oscillations (QPOs), thermal continuum emission from the disk, and atomic emission and absorption
features due to disk reflection. The QPOs that are most likely to reveal spin are the so-called high-frequency
QPOs ( f ew × 100 Hz, and sometimes seen in 2:3 frequency ratios, e.g. Strohmayer 2000). The detection
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of such QPOs may be within the capability of the ASTRO-H HXI instrument, but their detection has relied
upon high-cadence monitoring of an outburst and careful data screening. Such studies are really the domain
of proposed future missions such as Athena+ and WF-MAXI. Another problem with the QPOs is that there
are many different models that point to different radii and spin, and there is no consensus on which model is
correct. For these reasons, QPOs lie beyond the scope of this White Paper. It may also be possible to constrain
or measure black hole spin using X-ray polarization (e.g. Dovcˇiak et al., 2008; Schnittman & Krolik, 2009),
but this technique has not yet been attempted, and it is also beyond the scope of this White Paper.
Measurements of spin using thermal continuum emission from the accretion disk have the advantage of
utilizing a major component of the flux seen in stellar-mass black holes. Said differently, the potential signal is
ample. When the distance, mass, and inner disk inclination to a source are known, and when applied in phases
where the disk emission is strongly dominant over non-thermal emission, new models enable the measurement
of the black hole spin parameter (see, Shafee et al., 2006; McClintock et al., 2006). In the past, measurements
of distance have typically carried large fractional errors, but parallax techniques - made more powerful with
sensitivity upgrades to radio telescopes such as MERLIN and the VLA - hold much promise (e.g Miller-Jones
et al., 2009). A remaining difficulty is that the inclination of the inner disk need not be the same as that of the
outer disk, and the alignment timescale may be quite long (e.g. Maccarone, 2002). However, this too may be
remedied with radio observations: in cases where jet emission may be resolved, the axis of the jet may be taken
as normal to the plane of the inner disk (e.g. Hjellming & Rupen 1995). Last, continuum-derived spins rely on
correctly encapsulating the effects of scattering in the disk atmosphere; currently, this is done using an overall
multiplicative constant that corrects the disk flux and temperature (Shimura & Takahara, 1995; Merloni et al.,
2000).
The basic theory of X-ray disk “reflection” was rapidly developed after the detection of a broad Fe K line
in Cygnus X-1 that could potentially have originated in the inner disk (e.g. Barr et al. 1985; George & Fabian
1991; Magdziarz & Zdziarski 1995). A broad, sometimes skewed Fe line is merely the most distinctive part of
a disk reflection spectrum that is now understood to likely include a forest of low-energy atomic emission lines,
the Fe line, and the Compton back-scattering hump peaking in the 20-30 keV range (for reviews, see Reynolds
& Nowak 2003; Miller 2007). The ASCA mission flew CCDs capable of handling modest fluxes, leading to
the detection of skewed disk lines in many Seyfert AGN (Tanaka et al., 1995). It was not until CCDs (plus or
minus gratings) capable of handling high count rates aboard Chandra, XMM-Newton, and Suzaku were flown
that the prevalence of relativistic disk lines in stellar-mass black holes became clear. Arguably, the first strong
constraint or measurement of black hole spin using disk reflection was obtained in 2002 with XMM-Newton
(Miller et al., 2002). Such lines are now observed in neutron star X-ray binaries as well (e.g. Bhattacharyya &
Strohmayer 2007; Cackett et al. 2008, 2010; Papitto et al. 2009).
Disk reflection occurs in the atmosphere of an accretion disk. Models typically assume either a constant gas
density, or an atmosphere in vertical hydrostatic equilibrium (e.g. Nayakshin & Kallman 2001). Most models
only include external irradiation, but at least one new model includes X-ray emission from the midplane (e.g.
Ross & Fabian 2007). Observations do not appear to be sensitive to such variations (Reis et al., 2008); this
may be consistent with a scenario in which magnetic pressure sets a constant gas density (Blaes et al., 2006)
and renders midplane emission relatively unimportant. The observed reflection spectrum depends strongly on
the ionization of the disk, enabling robust measurements of this parameter (this is a more careful treatment of
the hardening factor that is also important when measuring spins via the disk continuum). Reflection models
are calculated in the fluid frame and must be convolved with a relativistic smearing function to match observa-
tions. Smearing models are based on ray-tracing, and are fairly robust (Beckwith & Done, 2004). Indeed, these
models are even able to measure the inclination of the inner disk owing to the strong influence of viewing angle
on line profiles. The emissivity of the accretion disk, J(r) ∝ r−q, is important to measuring spin accurately, but
this too can be measured using smearing models. New theoretical efforts appear to be making firm predictions
concerning emissivity profiles (Wilkins & Fabian, 2012), and both quasar microlensing observations (e.g. Mor-
gan et al., 2008; Chartas et al., 2009, 2012; Mosquera et al., 2013) and X-ray reverberation studies in Seyferts
(e.g. Fabian et al., 2009, 2012; Zoghbi et al., 2012; Cackett et al., 2012) imply very compact black hole hard
X-ray coronae through measurements of very short lag time scales.
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ASTRO-H is arguably best-suited to improving the measurement of spin via disk reflection spectra. The
largest advantage to this technique is that the measurement is a relative one: the degree to which Special Rela-
tivity (broadening lines and enhancing blue wings through beaming) and General Relativity (creating extended
red wings as photons lose energy escaping from a very deep potential) shape the spectrum forms the basis of the
measurement. Whereas the absolute flux of a spectral feature can be difficult to measure (since calibration en-
ters), the width of an atomic line is arguably easier to measure. And whereas an absolute measurement requires
the mass and distance of the black hole to be known in advance, the mass and distance to the black hole are not
required for reflection-derived spins. A secondary advantage of disk reflection is that it is readily observed in
both massive black holes and stellar-mass black holes, enabling comparisons across the mass scale.
Employing modest quality metrics, 14 stellar-mass black hole spins have been measured using relativistic
disk reflection techniques, and 7 have been measured using the disk continuum (see Miller et al., 2009, 2011;
McClintock et al., 2011). Although the number measured using each method is small, the peaks of the spin
distributions from the independent techniques agree and point to high spin. The fact that independent methods
with partially independent systematics are arriving at a commensurate peak spin value may point to a situation
where astrophysics dominates over systematic errors. Taken literally, and when compared to the implied natal
spins of neutron stars, these results imply that stellar-mass black holes could be born in gamma-ray bursts rather
than in typical supernovae (Miller et al., 2011). Of course, more spin measurements are urgently required in
order to increase the statistics in each distribution, and to better sample the wings of each distribution.
Currently, there is no compelling evidence in favor of black hole spin as the source of jet power, though the
utility of stellar-mass black holes for such purposes is increasingly clear. Claims of a correlation between spin
and jet power have been made Narayan & McClintock (2012), but these appear to be statistically insignificant,
and/or at least partially driven by data selection (Russell et al., 2013). Weak correlations, with slightly better
statistical significance, may be found when comparing spin and jet power across the black hole mass scale
(King et al. 2013). Here especially, additional spin measurements will drive future progress.
ASTRO-H will be able to advance studies of black hole spin in the following ways:
• The mission should be able to obtain excellent broad-band spectra of 1-2 transients per year. Particularly
if observations are made both in the ”high/soft” state (in order to utilize the disk continuum) and bright
phases of harder states (in order to utilize disk reflection), it will be possible to measure 1-2 spins per year.
In five years, then, ASTRO-H should gather 5-10 spin values, or 10-20 spins over 10 years of mission
operation. Thus, it is likely that ASTRO-H can double the current number of spin measurements.
• For both the disk continuum and disk reflection, intervening disk winds can pose serious complications.
A strong wind can alter the implied mass accretion rate, which is important to continuum measurements.
It can also distort the shape of the continuum, which is important to both continuum and reflection
techniques. The sensitivity of the SXS will permit the detection and characterization of even very weak
absorption lines from a disk wind, and enable continuum and reflection components to be measured
accurately.
• The extraordinary sensitivity and bandpass of the HXI will permit unprecedented studies of the hard X-
ray continuum. This owes partly to the fact that the HXI sits behind a focusing hard X-ray telescope,
and partly to innovative background rejection techniques. The HXI will facilitate the detection of even
weak hard X-ray components, enabling better separation of the disk flux for continuum-based spin mea-
surements. The improvements for reflection-based spins are likely to be at least as marked: the Compton
back-scattering hump will be revealed extremely well using the HXI, enabling improved broad-band
modeling.
2.2 Disk reflection spin measurements with ASTRO-H
A typical 100 ks observation of a black hole binary similar to MAXI J1836−194 in the “intermediate” state
(Reis et al. 2012) will reveal a relativistic line and Compton hump in a manner that has yet to be seen with
current observatories (see Figure 1). The unprecedented sensitivity of the SXS in energies up to and beyond
the iron line region (4–8 keV), together with the overlap with the HXI will provide strong constraints on the
inclination and emissivity of the accretion disk as well and on the black hole spin, as these parameters are
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Figure 1: The presence of relativistic features including the broad Fe line and Compton hump will be revealed in detail with ASTRO-H.
(Top) Simulated 100 ks spectrum of MAXI J1836−194 assuming a full reflection model and subsequently fit with a simple continuum
consisting of an absorbed power law (magenta) and a disk blackbody (blue). (Bottom) Simulated data-to-model ratio emphasising the
excellent sensitivity and energy coverage provided by ASTRO-H.
strongly dependent on the overall shape of the iron line and absorption depth complex and on the strength of
the Compton hump at ∼ 30 keV. Simulations show that ASTRO-H will determine the inclination and emissivity
profile of systems like MAXI J1836−194, with 90% errors less than 1% and 3% respectively. These strong
constraints on the inclination and emissivity directly lead to precise spin measurements, with statistical errors
of approximately 1% for spin & 0.9 for a source like MAXI J1836−194, and approximately 5% for spins
. 0.5 for sources such as XTE J1752–223. For comparison, the current 90% statistical errors on the spin of
MAXI J1836−194 (a ∼ 0.9) and XTE J1752−223 (a ∼ 0.5), both obtained with Suzaku, are 3.5% and 35%
respectively.
2.3 Connections to jet production
X-ray binaries are often treated as thermal sources, effectively transforming the gravitational energy of the
compact object (a neutron star or a black hole) into thermal X-ray emission radiated away by the hot accretion
plasma. However, since the discovery of compact Galactic sources with relativistic jets (dubbed as micro-
quasars) the general view on the role of nonthermal processes in X-ray binaries has significantly changed. It
is now recognized that non-thermal processes do play a non-negligible role in these accretion-driven objects.
Approximately 20 per cent of the ∼ 250 known X-ray binaries show synchrotron radio emission, and obser-
vations in recent years have revealed the presence of radio jets in several classes of X-ray binary sources (e.g.
Fender 2001). The high brightness temperature and the polarization of the radio emission from X-ray bina-
ries are indicators of the synchrotron origin of radiation. The non-thermal power of synchrotron jets (in the
form of accelerated electrons and kinetic energy of the relativistic outflow) during strong radio flares could be
comparable with, or even exceed, the thermal X-ray luminosity of the central compact object.
If the acceleration of electrons proceeds at a very high rate, the spectrum of synchrotron radiation of the
jet can extend to the hard X-ray and soft γ-ray domain (Atoyan & Aharonian, 1999; Markoff et al., 2001).
In addition, the high density photon fields supplied by the accretion disk and by the companion star, as well
as produced by the jet itself, create favorable conditions for effective production of X- and γ-rays of inverse
Compton origin inside the jet (Levinson & Blandford, 1996; Atoyan & Aharonian, 1999; Georganopoulos et al.,
2002). Generally, this radiation is expected to have an episodic character associated with strong radio flares in
objects like GRS 1915+105.
A large fraction of microquasars are associated with Galactic black hole X-ray binaries. The previous
observations (OSSE and COMPTEL) show that the spectra of these highly variable objects, in particular
GRS 1915+105 and Cyg X-1, extend to the domain of very hard X-rays and soft gamma-rays. For any reason-
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able temperature of the accretion plasma, models of thermal Comptonization cannot explain the MeV radiation,
even when one invokes the so-called bulk-motion Comptonization. To explain this excess, the so-called “hy-
brid thermal/non-thermal Comptonization” model has been proposed; it assumes that the radiation consists of
two components – (i) the thermal Comptonization component with a conventional temperature of the accretion
plasma kTe ∼ 20 − 30 keV and (ii) a nonthermal high energy component produced during the development of
a linear pair cascade initiated by relativistic particles in the accretion plasma surrounding the black hole (for
a review see Coppi 1999). This model requires existence of a relativistic electron population in the accretion
plasma, resulting from either direct electron acceleration or pion-production processes in the two-temperature
accretion disk with Ti ∼ 1012 K (Mahadevan & Quataert 1997).
An alternative site for production of hard X-rays and low energy gamma-rays could be the synchrotron jets. In
particular, it has been proposed that the synchrotron emission of microquasars might extend to X-ray energies,
either in the extended jet structure (Atoyan & Aharonian, 1999) or close to the base of the jet (Markoff et al.,
2001). Recently, a significant contribution of the nonthermal X-ray emission to the total X-ray luminosity of
Cyg X-3 has been suggested by Zdziarski et al. (2012), based on detection of gamma-rays by Fermi LAT and
AGILE. Confirming the existence of a synchrotron X-ray component from the jets in microquasars will not only
help to understand the acceleration mechanisms in these objects, but also add to an emerging picture of disk–jet
coupling.
The most promising energy band for the extraction of the synchrotron component is the hard X-ray to the soft
gamma-ray band, where the radiation from the accretion plasma is suppressed. The performance of ASTRO-
H the HXI and SGD are suited to spectroscopic and temporal studies of the most prominent representatives
of microquasars like GRS 1915+105, Cygnus X-1, and Cygnus X-3. A detection of polarization by the soft
gamma-ray detectors would provide crucial test of the synchrotron origin of radiation. In this regard, one should
mention the claim of detection of polarization of hard X-ray emission above 400 keV by INTEGRAL which can
be explained only by synchrotron emission (Laurent et al., 2011).
3 Disk winds
3.1 Current picture based on Chandra, XMM-Newton, Suzaku
During the last decade, a growing number of X-ray binaries have been found to exhibit absorption lines from
highly ionized elements (Church et al., 2005; Boirin et al., 2004, e.g.,). These systems range from microquasars
such as GRO J1655−40 (Ueda et al., 1998; Yamaoka et al., 2001; Miller et al., 2006a), GRS 1915+105 (Kotani
et al., 2000; Lee et al., 2002; Ueda et al., 2009), H 1743 − 322(Miller et al., 2006b) and 4U 1630 − 47 (Kubota
et al., 2007) to low-mass X-ray binaries such as GX 13+1 (Ueda et al., 2001; Sidoli et al., 2002), X 1658−298
(Sidoli et al., 2001) and X 1254−690 (Boirin & Parmar, 2003). Blue-shifts indicative of winds are especially
prominent in the black hole systems. In all cases, the sources are viewed at high inclination angles, and the
absorption structure is visible throughout the orbital period (e.g., Yamaoka et al., 2001; Sidoli et al., 2001,
2002). The absorption features are therefore thought to originate in material that is associated with and extends
above the accretion disk. This is illuminated by the X-rays produced from the innermost regions of the accretion
flow (both the disk and hard X-ray coronal emission). The reprocessed emission and scattered flux from the
extended wind can be seen directly in the “accretion disk corona” (or, ADC) sources, wherein the intrinsic X-
rays are obscured (e.g. Kallman et al., 2003), but for the majority of highly inclined sources, the wind material
is seen in absorption against the much brighter X-ray central engine. Multiple absorption lines give an excellent
probe of the physical conditions in the wind (e.g., Ueda et al., 2004; Miller et al., 2006a), where the spectra
indicate the presence of significant columns of highly-ionized outflowing material.
Several scenarios have been proposed to explain how winds are driven. One of the candidates is the radiation
pressure on electrons. This can be made much more efficient if the cross section for interaction between the
matter and radiation is enhanced by line opacity. There are multiple line transitions in the UV region of the
spectrum, so UV emitting disks can drive a powerful wind at luminosities below Eddington. Such line–driven
disk winds are seen in cataclysmic variables (CVs; (Pereyra et al., 2000)) and are probably also responsible for
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the broad absorption line (BAL) outflows seen in AGN (Proga et al., 2000; Nomura et al., 2013). However, the
disk temperature for black hole binaries is in the X-ray region, so line driving is probably unimportant (Proga &
Kallman, 2002). The momentum absorbed in these observed transitions is very small, and insufficient to drive
a wind.
Another type of outflow from a disk is a thermally–driven wind (Begelman et al., 1983). Here again, the
central illumination is important, but the process is less direct. The illumination heats the upper layers of the
disk to a temperature of order the Compton temperature, TC. The atmosphere will expand due to the pressure
gradient; at sufficiently large radii, the thermal energy driving the expansion is larger than the binding energy,
leading to a wind being driven from the outer disk. Simple estimates of the launching radius of this wind give
R = 1012 · (M/10M) · (TC/107 K)−1 cm (Begelman et al., 1983). A separate analysis found that thermal winds
can potentially be launched at a radius a factor 5–10 smaller than this (Begelman et al., 1983; Woods et al.,
1996). Chandra grating data of GRS 1915 + 105 and Suzaku spectra of 4U 1630−47 (Kubota et al. 2007) may
be consistent with a thermally driven wind: the data indicate a launching radius of R ∼ 1011 cm (Ueda et al.,
2009).
The last type of outflow is a magnetically–driven wind. These are much harder to quantitatively study as the
magnetic field configuration is not known, yet they are almost certainly present at some level as the underlying
angular momentum transport is known to be due to magnetic fields (see e.g. Balbus & Hawley, 2002). Winds
(and jets) are clearly present in magnetohydrodynamical (MHD) simulations which include these magnetic
stresses self-consistently. These generically show that the mass loss is stochastic, with large fluctuations both
spatially and temporally, but that the time averaged properties are well defined, so this magnetic wind is quasi-
continuous (e.g., Hawley & Krolik, 2001; Machida et al., 2004). These calculations are still in their infancy,
especially for describing the properties of a geometrically–thin disk. An approximation to the properties of
the self-consistent magnetic wind from an accretion disk can be made by imposing an external field geometry
(Proga et al., 2000; Proga, 2003). The mass loss rates depend on this field configuration, but in general these
allow steady, powerful winds to be launched from any radius. Similarly, imposing poloidal field lines in the
disk can give rise to magnetocentrifugal winds (Blandford & Payne, 1982). Such winds transport angular
momentum from the disk without the aid of internal viscosity, and they are known to exist in FU Orionis and T
Tauri stellar systems based on evidence of rotation in absorption line profiles (Calvet et al., 1993).
A very small launching radius was obtained fromChandra grating spectra of GRO J1655−40 (r ∼ 108−10 cm);
this wind may be driven by magnetic pressure or via magnetocentrifugal acceleration (Miller et al., 2006a). This
small launching radius was derived partly through the detection of density-sensitive Fe XXII lines, allowing for
an accurate determination of the radius via r =
√
L/nξ (where L is the ionizing luminosity, n is the number den-
sity, and ξ is the ionization parameter). The observed absorption spectrum was later analyzed using a number
of photoionization models constructed using Cloudy (Ferland et al., 1998) and XSTAR (Kallman & McCray,
1982); these models confirm a very small lauching radius, and a very large mass outflow rate (Miller et al.,
2008; Kallman et al., 2009). Even newer, more detailed treatments of thermal wind properties show that they
cannot account for the wind in GRO J1655−40, again signaling a magnetic component (Luketic et al., 2010).
3.2 Wind Outflow Rates, Launching Sites, and Driving Mechanisms
X-ray gratings spectroscopy has revolutionized the study of black hole accretion. In particular, the resolu-
tion afforded by the Chandra/HETG and the XMM-Newton/RGS has made it possible to detect blue shifts in
highly ionized X-ray absorption spectra, signaling the presence of disk winds in stellar-mass black holes. The
consequences of winds can be far-reaching:
• Winds may remove angular momentum from the accreting gas, potentially enabling the basic operation
of the accretion disk. Disk winds may hold the key to understanding the physics of disk accretion itself.
• Winds may remove more gas from a system than actually accretes onto the black hole, affecting both the
growth of the black hole, and the evolution of the binary system.
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• It is not yet clear if a single mechanism drives winds or dominates wind production, if different mecha-
nisms may work at different times, or if multiple mechanisms may work concurrently. Detecting multiple
ionization zones, constraining launching radii, and accrurate measurements of total outflow rates can po-
tentially reveal the answers.
• Stellar-mass black hole winds may be closely related to X-ray warm absorbers in Seyfert AGN, but the
relationship is not yet clear.
• Wind and jets appear to be state–dependent; the disk may alternate its outflow mode. The nature of this
phenomenon – and the clues it may provide to the physics of jet and wind production – remain to be
discovered.
Spectroscopy of black hole X-ray binary winds with the ASTRO-H/SXS calorimeter will offer some clear
advantages compared to dispersive spectrometers. Most important, perhaps, are the significant gains in reso-
lution in the Fe K band. The baseline resolution of the SXS is just 5 eV, and this is fixed across its bandpass.
Unlike a grating instrument, then, the resolution of a calorimeter improves with increasing energy. Whereas
current instruments excel at detecting lines such as Fe XXV He-α and Fe XXVI Ly-α, the SXS will also do an
excellent job of detecting their associated β lines, He-like and H-like Ni lines, and any lines or edges that are
significantly blue-shifted. As a result, ASTRO-H will be sensitive to the most powerful components of outflows,
and do a superior job of revealing the power in wind feedback from black holes into their local environments.
In this white paper, we have conducted a number of simulations to demonstrate the potential of ASTRO-H,
and particularly the SXS, to greatly improve our view of accretion onto black holes. In these efforts, we have
assumed a baseline calorimeter resolution of 5 eV. It is also important for the reader to note that a tunable
onboard X-ray source will periodically be used to calibrate and measure the performance of the SXS. This
means that the incredible intrinsic resolution of the calorimeter to measure small velocity shifts will be fully
realized.
The mass outflow rate in a wind is given by:
M˙wind = ΩCvµmpner2v (1)
where Ω is the covering factor (0 ≤ Ω ≤ 4pi), Cv is the filling factor, µ is the mean atomic weight (usually
µ = 1.23), mp is the proton mass, ne is the electron number density, r is the distance from the source of ionizing
flux to the detected absorption zone, and v is the observed outflow velocity.
Stellar-mass black hole winds may represent an simpler environment than X-ray “warm absorber” winds
in Seyfert AGN. For instance, optical and infrared constraints on the binary inclination and comparisons of
emission and absorption lines strongly suggest equatorial winds, so Ω is fairly well constrained (Ω = 0.3 − 0.5
is reasonable, see Miller et al. 2008, Ueda et al. 2009). Stellar-mass black hole disk winds are very highly
ionized, in general, and have not shown evidence of a low ionization component. Therefore, they are not likely
to be clumpy, soCv = 1 is reasonable. As noted above, the resolution of the SXS will enable extremely accurate
measurements of the observed wind velocity v. Of course, the observed velocity v is effectively a lower limit,
since a vertically-launched wind will only have a component of its velocity along an equatorial line of sight,
and any disk wind that retains its local Keplerian velocity will automatically be within
√
2 of its local escape
velocity.
Although He-like triplets can provide useful density diagnostics, these features can arise whenever gas is
illuminated; such lines are not necessarily tied to the disk wind. Recently, it has been shown that Fe XXII
absorption lines at 11.92 Å and 11.77 Å (1.040 keV and 1.053 keV, respectively) can act as direct diagnostics
of the wind density (Miller et al. 2006, 2008; King et al. 2012a; also see Mauche & Raymond 2000). At this
energy, the resolution of the SXS is lower than that of the Chandra/HETG. Can the SXS confidently detect and
resolve such lines?
To answer this question, we have simulated an 100 ks SXS spectrum, using the best-fit broadband XSTAR
photoionization model of GRO J1655−40 (Miller et al. 2008) as a template. This source was observed at a
flux of 1 Crab, which will give approximately 2000 counts/s in the SXS. After silencing the central 5 pixels
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Figure 2: Top: The Chandra/HETG spectrum of GRO J1655−40 is shown here. The Fe XXII lines at 1.040 keV and 1.053 keV are
clearly detected, and their flux ratio gives a density of n = 1014 cm−3. Bottom: Although the resolution of the HETG is superior to
the ASTRO-H/SXS at 1 keV, this simulated 100 ks SXS spectrum demonstrates that the density-sensitive Fe XXII pair can easily be
detected and resolved using the SXS. (Both spectra were binned for visual clarity.)
in the array, the recorded high and medium count rate will be 60 counts/s. Figure 2 shows the observed
Chandra/HETG spectrum of GRO J1655−40 and the simulated ASTRO-H/SXS spectrum. While the resolution
of the HETG is better at 1 keV, the Fe XXII lines are clearly detected and resolved in the SXS spectrum.
This simulation should be regarded as a proof of principle, because the spectrum observed from GRO
J1655−40 is atypically rich. However, when such density diagnostics are available, one can obtain a very
strong constraint on the wind launching radius (since r =
√
L/nξ). This is important because within the Comp-
ton radius, highly ionized winds can only be driven magnetically (Begelman, McKee, & Shields 1983; also see
Miller et al. 2008, Kallman et al. 2009, Luketic et al. 2010)
In other cases – particularly for highly obscured sources – it may not be possible to detect the Fe XXII pair
near to 1 keV. In this case, the capabilities of the calorimeter will again help to determine wind properties
accurately. When ne cannot be obtained directly, it is typical to assume that N = ner (where N is the column
density). Because the SXS can readily detect higher order lines from He-like and H-like Fe and Ni, it can assess
the extent to which such absorption is saturated, and provide much stronger constraints on the column density
of disk winds than has previously been possible. Even in the absence of a direct density constraint, the total
mass outflow rate may still be estimated via:
M˙wind = ΩCVµmpLionv/ξ. (2)
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Here again, the ability of the SXS to measure v is important, but so too is the broad bandpass of ASTRO-H,
and the sensitivity of the HXI. Since Fe XXV and Fe XXVI are ionized by X-rays above 8.8 keV and 9.3 keV,
respectively, it is important to know the continuum up to high energy in order to accurately estimate the outflow
rate in the hottest part of the disk wind.
3.2.1 Detecting Wind Circulation
The radii from which winds are launched in FU Ori and T Tauri stellar systems are not large compared to the
source of ionizing flux. In other words, local flux is able to imprint on local gas, and the observed absorption
profiles show the hallmarks of a rotating disk wind (e.g Calvet, Hartmann, & Kenyon 1993). This strongly
signals that the disk winds in these systems are driven through a magnetocentrifugal process, as described by
Blandford & Payne (1982).
The magnetocentrifugal wind model was conceived as an answer to the question of how gas in a disk might
lose angular momentum, and where the angular momentum must go, in the absence of a companion star and
binary orbit that may act as a reservoir. Thus, it may be particularly important in stellar systems and in AGN. But
in those cases, too, thermal disk spectra suggest that internal magnetic viscosity is also at work in transporting
angular momentum. It is entirely possible that the mechanisms work jointly. Evidence of magnetically-driven
winds is emerging in black holes such as NGC 4151 (Kraemer et al., 2005), GRO J1655−40 (Miller et al.
2006, 2008), NGC 4051 (King et al., 2011), and possibly also IGR J17091−3624 (King et al., 2012b) and
H 1743−322 (Miller et al., 2006b). Circulation may not be a signature unique to magnetocentrifugal winds, but
it is worth addressing the ability of the ASTRO-H to reveal circulation.
Let us assume that a wind is being launched through magnetocentrifugal acceleration, and that it is executing
local Keplerian motion as it also flows radially. An observed line will have a net blue-shift owing to its velocity
into our line of sight, but will have small variations about the net shift owing to orbital motion, of approximately
v ' vKeprh/rw assuming a small angle approximation (where rh is the radius of the central engine producing
the hard ionizing flux, and rw is the radius from the central engine at which the wind is detected). The matter is
particularly simple when scaled in gravitational radii since vKep = c/
√
w, where w is the number of gravitational
radii. Then vw is also at w radii, and we can scale rh to be at hGM/c2 as well. Finally, we expect symmetric
wings about the line centroid of v = ±ch/w3/2.
The size of the hard X-ray corona is not known well, especially in soft states wherein disk winds are detected.
Values of 10–100 GM/c2 may be reasonable. Winds in sources such as GRO J1655−40 and H 1743−322 may
originate as close as r ' 109 cm; this is of order 1000 GM/c2. Even for a coronal radius of just 10 GM/c2, we
expect wings offset from the line centroid by v = ±100 km/s. This is an order of magnitude below the measured
FWHM of the Fe XXV and Fe XXVI lines detected in stellar-mass black hole winds. Of course, if the corona
has a typical radius of 50 GM/c2, then we expect wings offset by v = ±500 km/s, which is agrees better with
measured line widths.
As an example, we consider the rich absorption spectrum observed from GRS 1915+105 in a soft state at a
flux of about 1 Crab, using the Chandra/HETG (Neilsen & Lee, 2009; Ueda et al., 2009). The Fe XXV He-α
line has a FWHM of 1200–1900 km/s (Neilsen & Lee 2009). Figure 3 shows this spectrum; it is interesting to
note that neither line profile appears to be exactly symmetric, but there is stronger evidence of structure in the
Fe XXV line. The figure shows the Fe XXV and Fe XXVI lines fit with two Gaussians, as a simplified case of
rotation-induced line profiles. The composite line profile is not clear at the resolution of the Chandra/HETG.
Using this model, however, we simulated a 100 ks ASTRO-H/SXS spectrum. Again, at a flux of 1 Crab, we
expect an incident count rate of 2000 counts/s, and an effective rate of 60 counts/s. Figure 3 also shows this
simulated spectrum, and the composite nature of the line profile is extremely clear at SXS resolution.
This is a simplified treatment of the problem of detecting orbital motion through absorption spectra. It shows
that plausible coronal sizes and wind launching radii may encode Keplerian motion that could potentially
be detected. Realistic line profiles will not be as clear as the simplified two-Gaussian models used in this
simulation. The differences in Keplerian orbital velocities over a range in radii will naturally give rise to a
significant line width, and signatures of rotation will be an addition to this broadening, not an alternative. The
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Figure 3: Top: A Chandra/HETG spectrum of GRS 1915+105 is shown here. The Fe XXV He-α and Fe XXVI Ly-α lines at 6.700 keV
and 6.970 keV show some evidence of structure. The model shown in red fits each line with a composition of two Gaussians. Bottom:
A simulated 100 ks ASTRO-H/SXS spectrum is shown here, generated using the model shown above. The SXS is clearly able to
separate the individual components that are blended at lower resolution. Plausible size scales for the central engine, and the smallest
wind launching radii that have been inferred, could give rise to spectra where rotation is encoded into absorption. This exercise shows
that detecting a circulating, magnetocentrifugal wind is within the reach of the SXS.
chances of a detection are improved if δr/r is small for a given wind. Moreover, it is possible that other factors
may complicate the detection of orbital motion; for instance, the structure in the Fe XXV line in GRS 1915+105
may be due to the intercombination line being detected in absorption at very high density. Nevertheless, it
appears that rotational motion is potentially within the grasp of ASTRO-H.
3.2.2 Probing Dynamical Timescales
The sensitivity and resolution of the SXS may make it possible to probe and utilize the dynamical timescale of
winds in stellar-mass black holes, in order to better understand their origin. The dynamical timescale is simply
given by tdyn = r/vout. Prior studies of GRO J1655−40 find that r is likely quite small, about 109 cm, with a
characteristic outflow velocity of vout = 400 km/s (Miller et al. 2008, Kallman et al. 2009), making tdyn ' 25 s.
This time scale is likely too short to be probed with the SXS, even for sources as bright as 1 Crab.
However, other sources may offer different opportunities. The wind in GRS 1915+105 may be driven
thermally from the outer disk. Neilsen et al. (2011) estimate that the wind originates at 46 light-seconds
(1.4 × 1012 cm) from the black hole. For a characteristic outflow velocity of v = 1000 km/s, this gives
tdyn = 13.8 ks, which is fairly long.
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Figure 4: The plot above shows simulated 3 ks ASTRO-H/SXS spectra of GRS 1915+105, based on the Chandra/HETG spectrum
shown in the previous figure. The spectrum in black has a 50% higher column density than the spectrum showing in red. Both spectra
have been binned for visual clarity. For published values of the outflow velocity and launching radius of the wind in GRS 1915+105
(Neilsen & Lee 2009), 3 ks is well below the dynamical timescale in the wind (tdyn = rwind/vwind). This simulation indicates that at least
in the case of bright stellar-mass black holes with strong absorption spectra, dynamical timescales in the wind can be probed using the
ASTRO-H/SXS.
Here again,we consider the line-rich wind absorption spectrum that was observed in GRS 1915+105 in a soft
state at a flux of approximately 1 Crab. The spectrum is treated as ”S1” in Neilsen & Lee (2009) and Ueda et
al. (2009), and it is possible to model it with a single higly-ionized XSTAR absorption zone (e.g. King et al.
2013). This flux level will give ∼2000 c/s in the SXS, or approximately 60 H+M c/s after silencing the central
five pixels in the array.
Using the best-fit XSTAR photoionization grid in King et al. (2013), we simulated SXS spectra assuming
the same column density measured in the Chandra/HETG spectrum (1.1 × 1023 cm−2 in our fits), and half of
that column density. Figure 4 shows that a 50% variation in the column density becomes visible in about 3 ks,
which is shorter than the nominal dynamical time scale in the wind. This suggests that, at least in some sources,
the SXS will be able to set upper limits on wind launching radii simply by detecting variations in e.g. column
density or outflow velocity that exceed any variations in the source luminosity.
3.3 The Disk-Wind-Jet Connection
Compact, steady, relativistic jets are ubiquitous in the low/hard state of stellar-mass black holes (Fender et al.,
2004). Sensitivity in the radio band has recently increased dramatically, and it is clear that jets are quenched
in the disk–dominated high/soft states wherein winds are detected in stellar-mass black holes (Russell et al.,
2011). But is the reverse true?
It appears that disk winds are state–dependent, and quenched in the low/hard state (Miller et al. 2006a, 2008;
Neilsen & Lee 2009; Blum et al. 2010; King et al. 2012b; Ponti et al. 2012). This is particularly interesting
because Seyfert AGN are radio-quiet and outflowing X-ray warm absorber winds are seen in these systems;
however, warm absorbers are not observed in e.g. LLAGN, which can be radio-loud and bear a closer resem-
blance to the low/hard state. Recent work has also noted that the power in wind and jes may be regulated in a
common way (King et al. 2013), potentially hinting at some common physics in their driving mechanisms.
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Figure 5: X-ray disk winds and relativistic radio jets in stellar-mass black holes are observed to be state-dependent: the accretion flow
appears to alternate the outflow mode. This could point to a fundamental connection between the flows, and connections to the physical
state of the inner disk. This is not easily explained in terms of thermal winds, and may require that winds have a strong magnetic
component, as jets are suspected to have. Ruling out winds in the low/hard state, where jets are observed, is therefore very important.
The plot above shows a simulated 200 ks ASTRO-H/SXS spectrum of a 0.1 Crab source in the low/hard state, assuming Fe XXV and
Fe XXVI line equivalent width of just 2 eV, which is within current upper limits. Clearly, ASTRO-H can detect very weak disk winds
that may persist in the low/hard state.
It is possible, though, that very fast, highly ionized winds with a low column density are hiding in the
low/hard state. Such flows might be missed in a CCD spectrum with only moderate resolution, or even in a
gratings spectrum. If such flows can be ruled-out, it would affirm that winds and jets are fundamentally anti-
correlated. This would be particularly hard to reconcile with thermal driving models, because the outer disk
should always be irradiated by the central engine, at least in the absence of an additional obscuring geometry.
To illustrate the power of ASTRO-H to address this science, Figure 5 shows a simulated 200 ks observation of
a black hole in the low/hard state. The continuum spectrum and flux was taken from the deepest Chandra/HETG
spectrum of H 1743−322 in that state, in which 90% confidence upper limits of just 2 eV are obtained for Fe
XXV and Fe XXVI absorption lines. The same power-law continuum and absorbed flux (0.05 Crab, giving
approximately 100 c/s and 50 H+M c/s in the SXS) was assumed, as well as line equivalent widths of just 2 eV.
In 200 ks, these incredibly weak lines can be detected at the 5σ level of confidence. If winds persist in the
low/hard state, even with a very low column density, they will be detected with ASTRO-H.
3.4 Connections to jets and winds in AGN
As noted previously, the advent of gratings spectroscopy made it possible to detect blue-shifted X-ray absorp-
tion in equatorial disk winds. Absorption of this sort is at least superficially similar to X-ray ”warm absorbers”
in Seyfert AGN. It is possible that there are fundamental connections between X-ray binary disk winds and
Seyfert warm absorbers, and a number of questions immediately emerge: Are the outflows in both stellar-mass
black holes and Seyfert AGN driven by the same process? Are they launched at the same radius (in a GM/c2
sense)? An early comparison of winds across the mass scale suggests that the answer to these questions may
be “yes” (King et al. 2013). However, this work also points to the need for improved observations, of exactly
the sort that ASTRO-H can deliver.
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3.4.1 Detection of Multiple Ionization Zones
X-ray “warm absorbers” in Seyferts consist of at least 2 − 3 ionization zones, although some authors adopt a
continuous ionization gradient. It is particularly important to detect and measure the highest ionization compo-
nents, since these appear to carry the most mass (Crenshaw & Kraemer, 2012; King et al., 2013). If massive
black hole wind feedback into host galaxies is able to significantly affect galactic evolution, the most highly
ionized wind components – which carry the bulk of the mass (Crenshaw & Kraemer 2012; King et al. 2013)
– will have mattered the most. By virtue of its resolution and collecting area, ASTRO-H will be ideally able
to detect highly ionized absorption in the Fe K band. Comparing these highly ionized components to the hot,
ionized outflows observed in stellar-mass black holes will facilitate the most consistent comparisons of winds
across the mass scale. This will greatly further attempts to understand if aspects of winds scale with mass in
the way that jet properties appear to scale.
In comparing X-ray binaries and AGN, it becomes important to understand whether or not stellar-mass black
hole winds are really described by a single absorption component. Even the most complex wind spectrum yet
observed – that seen in GRO J1655-40 (Miller et al. 2006, 2008) – can be modeled fairly well using only one
component. Modeling by Kallman et al. (2009) suggests that an improved fit is possible with an additional
very highly ionized zone that is particularly prominent in the Fe K band. Moreover, recent spectroscopy of IGR
J17091−3624 has also found evidence of two zones separated more in velocity than in ionization (King et al.
2012).
Figure 6 shows the Chandra/HETG data reported in Miller et al. (2006a, 2008) and Kallman et al. (2009).
The data have been fit with a dominant absorption zone described by log(ξ) = 4.1, NH = 3.0 × 1023 cm−2, and
v = 400 km/s, and by a second possible zone with log(ξ) = 6.0, NH = 2.0 × 1023 cm−2, and v = 1400 km/s
(Kallman et al. 2009). Scattering within the instrument makes it difficult to determine which lines are optically
thick, and the resolution of the HETG makes it difficult to detect the putative higher ionization, faster wind
component.
Also shown in Figure 6 is a simulated SXS spectrum. The observed continuum flux from GRO J1655−40
was approximately 1 Crab, which will give approximately 2000 c/s in the SXS. Turning off the central 5 pixels
to optimize the number of high and medium resolution events that feed through the electronics will result in a
H+M event rate of 60 c/s. In a 100 ks observation, the second ionization zone is easily detected with ASTRO-H,
as can be seen from the blue wing on the Fe XXVI line that is not fit well by the one-zone model, and by an
absorption line at 8 keV that is not addressed. Note also that the black lines are actually black, and incredibly
well-separated.
3.4.2 Do Ultra-Fast Outflows (UFOs) Span the Mass Scale?
In deep spectra of Seyfert-1 AGN observed with XMM-Newton and Suzaku, a number of absorption lines may
be detected that would signal winds with jet–like velocities (0.1–0.2c in some cases (Tombesi et al., 2010a,b).
These lines are of modest statistical significance after rigorous assessment via Monte Carlo techniques. These
putative UFOs would surely have enormous impacts on their host environments, and confirming such outflows
is therefore of high importance.
An extremely fast outflow has also been found in IGR J17091−3624, and at higher statistical significance
than the AGN examples (v = 0.03c, King et al. 2012). Indeed, there is some evidence for two velocity systems,
at 0.03c and 0.05c. This source is a ”twin” of the near-Eddington microquasar GRS 1915+105, and if it also
accretes near the Eddington limit, it would have another factor in common with AGN in which UFOs have been
observed (the best case is likely PG 1211+143; Tombesi et al. 2010a). It is possible that high velocity outflows
have previously eluded detection simply owing to a lack of sensitivity with increasing energy, both in CCD and
gratings spectrometers. The energy resolution of the ASTRO-H SXS increases with energy, and will aid the
detection of weak lines with strong velocity shifts.
Figure 7 shows a simulated 50 ksec SXS spectrum of IGR J17091−3624, next to the observed Chandra
spectrum (King et al. 2012). The continuum measured in the HETG spectrum and XSTAR models used to
analyze those data were used to simulate the SXS spectrum. The lower-velocity system is characterized by
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Figure 6: Top: The Chandra/HETG spectrum of GRO J1655−40 is shown here, fit with two XSTAR photoionization models: a
dominant highly-ionization zone with a velocity of 400 km/s, plus a tentative even more highly ionized zone that is outflowing at an
even higher velocity (1400 km/s). Bottom: A simulated 100 ks ASTRO-H/SXS spectrum is shown here, based on the model fit to the
Chandra spectrum in the panel above. The model in red shows only the dominant zone in the panel above. The remaining blue flux
in the Fe XXV He-α line at 6.700 keV and the strong blue flux in the line at 8 keV clearly show the need for the second zone. X-ray
warm absorbers in Seyfert AGN are generally thought to be componsed of at least two ionization zones; this simulation indicates that
the ASTRO-H/SXS will be able to distinguish different zones within very ionized outflows, potentially building a stronger connection
to X-ray warm absorbers in AGN.
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Figure 7: Top: A Chandra/HETG spectrum of IGR J170914−3624 is shown here, fit with two XSTAR photoionization zones. The
outflow in this source is extreme; the components have velocities of 0.03c and 0.05c (King et al., 2012b). Bottom: This plot shows
a simulated 50 ks spectrum, based on the model shown in the panel above. Whereas the components are difficult to detect with the
Chandra/HETG, multiple fast outflow components can easily be detected, resolved, and separated at high resolution using the ASTRO-
H/SXS.
log(ξ) = 3.3 and NH = 4.7 × 1021 cm−2. The higher-velocity system is characterized by log(ξ) = 3.9 and
NH = 1.7× 1022 cm−2. The flux measured with Chandra was approximately 0.1 Crab; this flux is likely to give
about 200 c/s in the SXS. In this case, mitigations are not needed to cope with the count rate, and a H+M count
rate of 60 c/s is anticipated. It is clear that both velocity systems are easily detected, and easily separated, in a
modest observation.
4 Low-frequency variability
4.1 Links to accretion geometries
One of the best–known and most intriguing phenomena observed in both black-hole X-ray binaries and AGN
is short-term X-ray variability. The fluctuations observed in many light curves are not periodic, nor random
around some mean; rather, they seem to comprise numerous peaks (or shots) with different amplitudes and
durations. Such variability may be a sort of 1/ f noise, since its power spectrum exhibits a f −β decline at high
frequencies (where f is the frequency and 1 < β < 2 is a constant).
At low frequencies (below a few Hz), the power spectra are roughly flat. For this reason, the broad band
variability observed in black holes is sometimes called low-frequency variability or low-frequency noise. Since
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similar variability is commonly observed in other accretion systems, they are thought to be generic features of
the accretion process, but there are still no widely accepted models despite intensive efforts having been done
over many decades since its discovery.
The normalized power spectra are quite similar among different sources. As the total fractional variability in-
creases (or decreases), the level of the flat part in the normalized power spectral densities (PSDs) also increases
(decreases), while neither that of the power-law decline part nor its power-law slope changes significantly.
That is, the break frequency separating the flat and power-law decline parts decreases (increases) accordingly.
As a result, there is a linear correlation between the fractional variability and the break frequency (Belloni &
Hasinger, 1990).
It is important to note that low frequencies mean long timescales. The timescale corresponding to a few Hz
is a few tenths of a second, much longer than the dynamical timescale,
τdyn ≡
√
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GM
' 4
(
M
10 M
) (
r
10 rS
)3/2
ms (3)
(with M and r being the mass of a black hole and the distance from the black hole, respectively) or the thermal
timescale (= τdyn/α with α ∼ 0.1 being the viscosity parameter) of an accretion disk. By contrast, the viscous
(accretion) timescale is much longer;
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where H denotes the half-thickness of the flow, and T denotes its (ion) temperature. This means that X-
ray variability is not a local phenomenon, but somehow reflects broader trends in the accretion rate. Indeed,
the basic properties of the X-ray light curves can be reproduced by propagation of density fluctuations (e.g.,
Mineshige et al. 1994; Lyubarskii 1997).
Further, the character of the observed X-ray variability is closely related to the spectral state of the accretion
disk. Rapid X-ray fluctuations are more pronounced during the hard (low) state and the “very high” state, al-
though there exist small fluctuations during the soft state as well (Miyamoto et al., 1992). In contrast, variability
is always observed in AGN. In both of the low/hard and very high states, radiation mainly originates in the hot
accretion flow, rather than in the (relatively) cool, geometrically thin disk, which dominates in the high/soft
state. Since magnetic activities are more enhanced in the hot accretion flow, X-ray variability could be caused
by magnetic flares and the rapid release of magnetic energy, perhaps akin to solar flares.
4.2 Low-frequency QPOs and Lense-Thirring precession
Low frequency QPOs are commonly observed in the X-ray flux of both neutron star and black hole X-ray
binaries. They are most clearly observed as strong, incoherent features in the power spectral density (PSD)
which are Lorentzian in shape and so can be described by amplitude (i.e. fractional rms variability), centroid
frequency ( fQPO) and width (∆ f ). These properties are observed to be correlated with the spectral properties of
the source and with other noise components (see e.g. van der Klis 2006; Belloni 2010).
Different models exist for the evolution of accretion flows across an outburst, and numerous different models
have been proposed to describe the “low/hard” state in particular and/or L << LEdd regimes generally (e.g.
Esin et al. 1997; Beloborodov 1999; Blandford & Begelman 1999; Markoff et al. 2001; Taam et al. 2008;
Meyer-Hofmeister et al. 2009). As the mass accretion rate through the disk falls, cooling will eventually fail
and the inner disk will give rise to an inner hot accretion flow. The Eddington fraction at which this happens is
uncertain, and it is possible that it may vary even for a given source, depending on whether the accretion rate
is rising or falling. Positive evidence of an absent geometrical component is difficult to obtain, but some recent
evidence suggests that disks may truncate at or below 0.001 LEdd (Tomsick et al. 2009; Reis et al. 2009a, 2010)
The truncated disk model, in which the thin disk only extends down to some radius ro, can potentially explain
the evolution of the SED (Esin et al., 1997; Done et al., 2007) and the correlated evolution of the power spectra
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Figure 8: Lense-Thirring precession of a hot inner flow is predicted illuminate different azimuths of the disk as a function of QPO
phase(Ingram & Done, 2011, 2012). This figure depicts a hot inner flow in gray with wire mesh, and the colors illustrate the intensity
of illumination on the disk as the inner flow precesses.
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(Ingram & Done, 2011, 2012). Interior to ro is a large scale height, optically thin accretion flow which acts as
the Comptonizing corona. As the source flux increases, the truncation radius moves inwards, thus increasing the
flux of disk photons incident on the flow and softening the power-law emission while simultaneously decreasing
all characteristic time scales associated with ro. The evolution of both the energy spectra and power spectra
imply that ro moves from ∼ 60 − 6 (in units of Rg = GM/c2) during the rise to outburst and back out again
during the fall back to quiescence.
This also gives a framework in which to incorporate the QPO and its properties via Lense–Thirring preces-
sion. This is a relativistic effect that occurs because a spinning compact object drags spacetime as it rotates. The
orbit of a test particle that is outside the plane of black hole spin will therefore undergo precession because the
starting point of the orbit rotates around the compact object. Stella & Vietri (1998) showed that the predicted
frequency of a test mass at the truncation radius is broadly consistent with the observed QPO frequency and
its evolution from ∼ 0.1 − 10 Hz as ro moves inwards and the source spectrum softens. However, the energy
spectrum of the QPO is dominated by the Comptonized emission (Sobolewska & Z˙ycki, 2006; Rodriguez et al.,
2004), requiring that the QPO mechanism predominantly modulates the hot flow rather than the disk (although
the variability could be produced elsewhere before propagating into the flow; Wilkinson & Uttley 2009). In-
stead, a global precession of the entire hot flow modulates the Compton spectrum by the changing projected
area of the flow as it precesses. This explains the QPO spectrum as well as its frequency, giving a physical
model for the origin of the QPO which fits its known behaviour (Ingram et al., 2009).
One clear observational signature arising from this model, is that the flow preferentially illuminates different
azimuths of the disk, giving rise to a periodically rocking of the reflected iron line between a red and blue shift
(see Figure 9). There should be a clear pattern to the QPO, where the rising QPO amplitude means that the side
of the disk coming towards us is illuminated giving a blue line, while the falling QPO phase illuminates the
disk rotating away from us, giving a red line.
Indeed, earlier observational work was able to connect low–frequency QPOs to variations in Fe K lines, and
the results were found to be consistent with Lense-Thirring precession. Miller & Homan (2005) found a link
between Fe K line properties and the “phase” of very strong 1–2 Hz QPOs observed in GRS 1915+105 using
RXTE. Unfortunately, the limited spectral resolution of RXTE prevented a detailed study of the line properties.
However, based on that result, Schnittman et al. (2006) explored a model consisting of a precessing inner disk
within a stable corona, and calculated the resulting line profile. This model differs from the model discussed
above in some details, but the fact of competing theoretical frameworks and an encouraging observational result
highlight the need to explore such phenomena using ASTRO-H.
This is not feasible to see with the SXS, as the upper limit of 35 c/s is too low to build-up enough statistics
in a reasonable exposure time (see Figure 8). This count rate is a factor 50 below the XMM-Newton count rate
seen in its high time resolution modes of a bright black hole binary. However, the HXI has no pileup issues. It
also has an effective area (with 2 telescopes) that is comparable to the RXTE/PCA and larger than that of XMM-
Newton/EPIC-pn camera above 6 keV. The energy resolution is comparable to the RXTE/PCA, especially when
taking into account the fact that all fast time modes of the PCA were binned in energy resolution after the loss of
the high gain antenna early in the mission. The HXI then has significant discovery space (along with NuSTAR)
in terms of the spectra of fast time variability in black hole X-ray binaries.
Figure 9a shows a typical hard intermediate state spectrum such as seen from GX339−4 with a strong QPO
as seen by RXTE. Simulating this through the HXI gives a count rate of 300 c/s for one telescope, so we double
this to get the total count rate from both detectors. We construct a 100 ks HXI observation, as shown in figure
9b. Selecting data on rising phase and falling phase of the QPO then gives significantly different spectra. These
are shown as a ratio to a power-law in figure 9c. This quasi-periodic shifting of the iron line peak energy with
QPO phase is a prediction of the Lense-Thirring precession model for the low-frequency QPO that can be tested
using the ASTRO-H/HXI.
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Figure 9: a) The RXTE/PCA and HEXTE data for a bright hard intermediate state of GX339-4 with strong QPO are shown here. b) A
model simulated through the HXI and split into rising (blue) and falling (red) QPO phase is shown in this panel. c) This panel depicts
the statistical confidence at which changes in line profile due to the QPO precession illuminating different azimuths can be detected (A.
Ingram, private communication). The black, red, and green contours correspond to ∆χ2 = 2.3, 4.61, and 9.21, respectively.
4.3 Shot noise studies
Flux variability on ∼ms time scales (e.g., Miyamoto et al. 1992), seen in spectrally hard states, has been studied
in many ways (e.g., Nowak et al. 1999; Poutanen 2001; Pottschmidt et al. 2003; Torii et al. 2011). However, the
origin of such variability is still uncertain, presumably owing to the difficulty of realizing both high sensitivity
and large effective area. A distinctive approach to understanding this variability is “shot analysis” (Negoro
et al., 1994, 1995). The method is a time-domain stacking analysis to determine the universal properties behind
non-periodic variability. Shot analysis makes it possible to combine timing analysis with spectral information
in a straightforward manner. This technique was adopted for observations of Cyg X-1 obtained with Ginga
(Turner et al., 1989), and was further explored with RXTE (Focke et al., 2005).
Shot analysis was recently applied to Suzaku data from Cygnus X-1 in an effort to better understand stochastic
phenomena in a straightforward way (Yamada et al., 2013). In this work, the high energy limit of the shot
analysis was extended up to ∼ 200 keV, by utilizing data from both the HXD and XIS cameras. The interesting
outcomes of this analysis include the following results:
• The shot feature is found at least up to ∼ 200 keV, with high statistical significance.
• The shot profiles were found to be approximately symmetric, though the hardness changes progressively
more asymmetrically toward higher energies of E & 100 keV.
• The 10–200 keV spectrum at the peak shows a lower energy cut-off than the time-averaged spectrum.
• Within the framework of a single-zone Comptonization model for the cut-off, as a shot develops toward
the peak, y and Te decrease, while τ and the flux increase. Immediately after the shot peak, Te and τ (and
hence y) suddenly return to their time-averaged values. This fitting result and the spectrum at the peak,
and that in 0.1 s before/after the peak are shown in figure 10.
The time constant of ∼1 s far exceeds the local (dynamical or thermal) timescale of the innermost region, and
should thus reflect the motion of particular gas elements. Manmoto et al. (1996) proposed an interesting expla-
nation: that inward moving accreting blobs can cause an increase in X-ray flux, and this is reflected as sonic
wave when it reaches the black hole (Kato et al., 2008). Rapid heating, such as might occur through magnetic
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Figure 10: Left: The time evolution of parameters obtained from Comptonization modeling of Suzaku spectra of Cygnus X-1 are
shown here. Fits were made to the 12–300 keV HXD spectra, in the 13 shot phases. From top to bottom, the electron temperature,
the optical depth, and the Compton y parameter are presented. The 90% confidence range specified by the time-averaged spectrum is
superposed by dotted and dashed lines. Right: The background-subtracted νFν HXD spectra, accumulated over different shot phases,
are shown here(Yamada et al., 2013). The spectra were integrated from –0.25 to –0.05 seconds before the peak (black), from –0.05 to
0.05 seconds around the peak (red), and from 0.05 to 0.25 seconds after the peak (blue).
reconnection, can explain the short (∼ 0.1s) timescale of the shots, though the long (∼ 1s) timescale would
be related to mass accretion time scale. Further observational studies are needed to completely understand
the physics causing the rapid variability. For instance, shot profiles with distinct features, such as polarization
(Laurent et al. 2011), γ-ray emission (Ling et al., 1987), or fine structures around Fe-K lines, all of which
will be precisely measured by ASTRO-H, could provide a better understanding of the origin of the rapid flux
variability.
5 Accretion flow evolution
5.1 Explorations of the low/hard state with ASTRO-H
The canonical “low/hard” state of black hole X-ray binaries actually encompass a large range in luminosity
and accretion rate, with an upper bound of a f ew × 10−2 LEdd. Black holes transiting through the low/hard
state from X-ray quiescence, or back into quiescence following an active period, can potentially be seen as the
evolutionary link between LLAGNs (often observed at ∼ 10−6LEdd, similar to the super-massive black hole in
M81) and Seyfert AGN or even quasars accreting close to LEdd.
It is generally agreed that the accretion flow properties and overall geometry of the inner regions surrounding
black holes differ markedly between quiescent and quasar-like states. Sources that are inferred to accrete close
to their Eddington limit reveal clear signatures of a standard optically–thick but geometrically–thin accretion
disk extending close to the black hole. In such phases, a compact, hard X-ray emitting corona is also inferred
through various means. In contrast, at very low fractions of the Eddington limit, a standard thin disk is replaced
with a radiatively–inefficient accretion flow. So-called advection–dominated accretion flows (ADAFs, Narayan
& Yi 1994; Esin et al. 1997) are the best known flavor of such models. Some studies have found that ADAFs
are convectively unstable (Quataert & Gruzinov, 2000), and others have even found that the hot flow may not
be bound to the black hole (Blandford & Begelman 1999). Whatever the details, it is clear that at some point
during the low/hard state, the inner edge of the standard thin accretion disk must truncate. ASTRO-H will be
able to incisively probe transient black hole binaries during the decline or rise of the low/hard state, down to
luminosities ∼ 10−3LEdd.
ASTRO-H will provide continuous, sensitive coverage in the 5–80 keV energy range via its HXI detector. It
will enable the precise characterization of the disk reflection spectrum and a measure of the overall strength of
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the Compton hump. Combined with simultaneous observations via the SGD – spanning energies up to 600 keV
– ASTRO-H will be ideally suited to observe the expected spectral rollover in the 100 − 200 keV range due to
thermal Comptonization in addition to disk reflection, and it will be able to do this fairly deep into the low/hard
state. Simulations indicate that 100 ks observations of BHB at ∼ 10−2LEdd will provide reliable estimates of
coronal temperatures, with errors no larger than 10% for corona temperatures as large as 200 keV.
The unprecedented resolution and sensitivity of the SXS in energies up to and beyond the Fe K region
(∼4–8 keV), especially when combined with the HXI, will provide strong constraints on the inclination and
ionization state of the accretion disk. These two parameters are derived partly based on the overall strength
of the Compton hump at ∼ 30 keV and the depth of the Fe K absorption edges in the 7.1–9.3 keV range.
Simulations show that ASTRO-H will determine the ionization and inclination of systems like GX 339−4 at
∼ 10−2LEdd with 90% statistical errors of ≤1% and ≤3% respectively. For comparison, the equivalent precisions
obtained without the soft X-ray coverage, are 13% and 22%, highlighting the immense importance of the broad-
band coverage provided by ASTRO-H.
The reprocessing of hard X-rays in the (relatively) cold accretion disk results in the production of several
fluorescence and recombination lines; Fe K lines are merely the strongest in most circumstances. ASTRO-H
will be sensitive to features from low-Z elements (Figure 11), and their detection will further constrain the
ionization state of the accretion disk as the system evolves through the low/hard state. If the disk begins to
recede at L ∼ 10−2LEdd, ASTRO-H – due to its broadband coverage and highly sensitive soft X-ray detector –
will be in a position to map this evolution with 90% statistical errors of less than 10% for an inner accretion
disk radius of 10 Rg at L ∼ 1 × 10−2LEdd and 35% for a disk at 100 Rg at 1.4 × 10−3LEdd.
5.2 Tests of the hard X-ray corona with ASTRO-H
A power-law spectral component is particularly prominent in the X-ray spectra of black hole X-ray binaries
in the “low/hard” and “very high” states. Similar components are observed in the X-ray spectra of Seyfert
AGN. Inverse Comptonization of soft photons from an (optically thick) accretion disk by electrons in an (op-
tically thin) corona is one plausible means of generating power-law X-ray emission. The corona is generally
characterized with electron temperatures of 109 K and the Compton y parameter of 1, according to hard X-ray
observations of black hole X-ray binaries and a limited number of Seyferts.
Very recently, a high energy cut-off was detected in the spectra of several NLS1s (a class of radio quiet AGNs
with low black hole masses and high accretion rate), and some of the sources show electron temperatures lower
than 60 keV (e.g. Malizia et al., 2009). Changes in the electron temperature were also recently observed in
the Seyfert 1.9 NGC 4151: kTe = 50–70 keV was recorded in a bright state, while kTe = 180–230 keV was
measured in a dim state (Lubin´ski et al., 2010). These results are consistent with the thermal Comptonization
model, considering the Compton cooling is more efficient for a larger accretion rate.
Extensive studies have been made to account for the X-ray power-law component and its high energy cut-
off in terms of a coupled disk–plus–corona system (e.g. Haardt & Maraschi 1991; Liu et al. 2003; Kawabata
& Mineshige 2010; Meyer-Hofmeister et al. 2012). A significant fraction of energy can be dissipated in the
corona, even when mass is accreted primarily through the disk. Ions in corona are typically assumed to be
fully ionized in these studies. According to Liu et al. (2002), the ion temperature is as high as 1011 K, two
orders of magnitude higher than the electron temperature at the vicinity of a central black hole. The ion
temperature is 1012 K in ADAF models (e.g. Narayan & Yi 1994). However, the low electron temperatures
derived from model–dependent fits to the spectra of some sources are not in the range of these theoretical
models. Furthermore, considering the fact that evaporation and condensation of materials between corona and
disk must happen, there could be ions with temperatures between the disk temperatures (105 − 107 K) and the
corona temperatures (109 − 1011 K).
The combined capabilities of the ASTRO-H/SXS and HXI may be able to detect the presence of partially-
ionized (or even neutral) ions within the corona. This may be of particular importance in low–temperature
coronae with high optical depth, like those noted in the above discussion. Rather than a smooth continuum,
cooler components within the corona may have the effect of causing atomic absorption features, and a partic-
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Figure 11: Simulated data-to-model ratio of GX 339−4 at L/LEdd = 5, 1 and 0.1%. The inner accretion disk is assumed to extend to
the ISCO at 2.32 Rg at L/LEdd = 0.05 and increase to 10 Rg and 100 Rg as the luminosity decreases. In all cases, the simulated spectra
were fit with an absorbed power-law together with a thermal disk component with the iron line and Compton hump energies excluded
from the fit. These figures show that ASTRO-H will detect the clear signatures of reprocessed emission from which the radius of the
accretion disk can be measured. The close up shows the data-to-model ratio for the system at 1% Eddington (top) with the plot below
showing the expected signatures from reflection before (black) and after (red) the effects of strong gravity.
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Figure 12: Preliminary simulation of an emergent (model) spectrum from a partially ionized corona. The corona is assumed to be a
sphere of Compton optical depth τ = 5 and kTe = kTi=10 keV. Soft photons are injected at its center. These parameters represent a
rather extreme case for demonstration, though a step like feature is found at iron K band.
ularly pronounced step in the region of the Fe K edges (Hayashida et al., 2007). Figure 12 shows a simulated
ASTRO-H spectrum based on the mixed corona model of Hayashida et al. (2007).
5.3 X-ray Continuum Emission
Establishing a complete picture of the geometry and emission mechanisms in the central accretion flow onto
black holes remains an important observational goal. The primary X-ray continuum in Seyfert-I AGN, perhaps
partially arising through Comptonization in coronae near the black hole, has long been approximated by a
single power-law. Novel techniques - such as the construction of difference spectra - can reveal the nature
of the primary continuum; deep observations suggest that it obeys a power-law form to within 10% in the 3–
10 keV band (Vaughan & Fabian, 2004). X-ray spectroscopy of Seyferts has therefore focused on deviations
from a power-law continuum, including complex absorbers, reflection, and fluorescence lines.
However, broad–band Suzaku studies of several Seyfert-1s, utilizing a novel variability-assisted spectroscopy
method called the C3PO (Count-Count Correlation with Positive Offset) method, has suggested that the con-
tinuum may consist of multiple primary emission components (Noda et al., 2011a,b). This means that the
Compton coronae constituting the central engines of AGN may consist of multiple zones, as was suggested
for some black hole X-ray binaries (e.g.,Makishima et al. 2008), in contrast to the conventional belief of a
single-zone corona.
Owing to the higher flux observed from Galactic stellar-mass black holes, such techniques may be even more
profitably employed to understand continuum emission in these sources. In this regard, the broad-band spectral
coverage and time resolution of the HXI and SGD will be especially important (see Figure 13). Even snapshot
broadband spectra of bright stellar-mass black holes with ASTRO-H can potentially reveal any disagreement
with simple, single-zone coronae.
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Figure 13: Simulated ASTRO-H spectra of the type I Seyfert Mrk 509 are shown here, in ratio to a Γ = 2 power-law continuum. The
spectra were generated assuming the two best-fit models for the Suzaku spectra of Mrk 509 obtained on 2006 April 25 and November
15 (Noda et al. 2011b). An exposure of 100 ksec is assumed for each. Spectra of this quality may help to better understand the nature
of the X-ray continuum.
6 Super-Eddington Accretion
6.1 Current Ideas
Current observational knowledge of black hole accretion is largely restricted to sub-Eddington regimes, in
which the (disk) luminosity is below the Eddington luminosity, LE ∼ 1.3 × 1039 (M/10 M) erg s−1. When the
luminosity approaches the Eddington limit, the radiation field exerts a strong pressure force against gas that is
drawn inward by gravitation, resulting in a powerful outflow. The large mass outflow rate affects the accretion
flow structure, as well as the local environment. Thus, super-Eddington (or supercritical) accretion is inhibited
in a spherical geometry.
Supercritical accretion may be possible through an accretion disk, however, since the radiation pressure force
and gravitational force are not direct opposition at all points. Even in a supercritical disk accretion geometry,
radiation and matter are strongly coupled. This again causes a radiation-pressure driven outflow near the flow
surface, and photon trapping deep inside the accretion flow. The critical radius separating the inner, nearly
isotropic outflow region and the outer accretion region is called the spherization radius, which increases as the
accretion rate (M˙) increases (Shakura & Sunyaev, 1973). There is another critical radius, the photon trapping
radius. Within this radius, photons are ”trapped” within the flow, and, hence, radiative efficiency is somewhat
reduced (Abramowicz et al. 1988, see also Chap. 10 of Kato et al. 2008). Numerically, the photon trapping
radius is roughly equal to the spherization radius; that is, these two effects work simultaneously. The photon
trapping occurs also in neutron star accretion but only temporarily, since all the photons produced within the
accretion flow onto stars with solid a surface should be eventually emitted.
To understand strong and complex matter-radiation interactions, global radiation- hydrodynamic and/or
radiation- MHD simulations have recently been undertaken, and have predicted a number of features that may
be characteristic of a supercritical flow, such as mild beaming (anisotropic radiation fields), the emergence of
relativistic, collimated jets, and loosely–collimated outflows with moderately high velocity (∼ 0.1c) and inter-
nal circulation (Ohsuga et al., 2005, 2009). As a result of the mild beaming, the maximum apparent luminosities
can exceed 10LE for face-on observers. The relativistic jets are accelerated by radiation pressure,and they are
collimated by magnetic force and/or pressure from a surrounding, geometrically thick disk (Takeuchi et al.,
2010). The outflow is of particular importance, since it carries a large mass flux, M˙outflow ∼ 10LE/c2, momen-
tum, ∼ LE/c, and kinetic energy, ∼ 0.1LE/c2. The outflow tends to have highly clumpy structure (Takeuchi
et al., 2013), which may cause variability.
These predicted features of super-Eddington flows are best studied in X-rays. The most important observa-
tional features that can be pursued with ASTRO-H are (1) persistent relativistic jets, (2) line absorption features
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by high-velocity outflow materials, and (3) significant Comptonization by hot outflow gas in continuum spectra.
6.2 SS 433 with ASTRO-H
SS 433 is a 13.1-d binary with a pair of precessing jets with a (nearly constant) speed of 0.26c. It is the
only source among all the classes of astrophysical jets that shows unambiguous signature of baryonic matter
accelerated to a significant fraction of the speed of light. The jet is composed of normal hot plasma that
gradually cools as it travels, producing a multi-temperature thermal emission spectrum. The part of the jet near
the base, with a temperature of kT > 10 keV, emits strong X-ray lines from heavy elements. Further out in
the jet, at distances > 1012 cm, the plasma emits Hα lines that vary in wavelength with the ∼ 163-d precession
period. The geometry of the jet is well described by the “kinetic model”; the inclination of the precession axis
is i = 79◦ and the precession cone angle is θ = 20◦ (see Figure 14).
SS 433 is the only jet source that has yielded such detailed information on the geometry and the thermal
structure of the jet, and therefore it represents a rare window on the physical processes that drive jet production.
It may also hold clues to supercritical accretion and ULXs: the size, density and thermal structure of the X-ray
emitting jet was spatially resolved by the eclipse mapping technique using ASCA data (Kotani et al., 1996), and
one of the most important conclusions of the analysis is the kinetic power of the jet is Lkin ≥ 1040 erg s−1, far
greater the apparent X-ray luminosity (Lrad ∼ 1036 erg s−1).
Observations of SS 433 with ASTRO-H will bear in the following problems:
• It is not yet clear how the jet of SS 433 is collimated into a narrow cone angle (< 0.1 rad), and then
accelerated to a constant speed of 0.26c. Namiki et al. (2003) found the Fe K lines are broader than lines
from lighter elements in the Chandra HETG spectrum, hinting that the jet is gradually collimated over
a length of > 1010 cm as it cools. Using the eclipse mapping on the ASTRO-H spectrum, it should be
possible to measure the radial velocity and width of emission lines as a function of the position for each
of the approaching and receding jets. The same data can greatly improve upon estimates of the plasma
condition, the jet power, and the geometry of the accretion disk over the previous studies.
• The striking disparity between the kinetic power of the jet Lkin ≥ 1040 erg s−1 and the apparent X-ray
luminosity (Lrad ∼ 1036 erg s−1) may indicate that there are strong radiation beams co-aligned with the
jets that never point to us. The ionized absorption edges and fluorescence lines found in the Suzaku
spectra of SS 433 (Kubota et al., 2010b) suggest such beamed radiation may be present in the system.
If the putative beamed emission from this source is confirmed with ASTRO-H, it may have important
implications for ULXs in nearby galaxies.
• The nature of the compact object in SS 433 is not yet known. The mass of the compact object (Mx) has
been estimated based on the measured Keplerian velocities of the compact object and the donor star. One
current estimate, 1.9 < Mx/M < 4.9 (Kubota et al., 2010a), favors a small-mass black hole, but a heavy
neutron star cannot be ruled out. Measurements of the radial velocity amplitude of the stationary 6.4 keV
Fe line, which may originate in the accretion disk, can improve the accuracy of mass constraints.
• X-ray lobes (Yamauchi et al., 1994) are located at ∼ 40′′ on the east and west sides of SS 433. They are
aligned with the axis of the precessing jet as determined in radio imaging. It is natural to assume that
they are powered by the jet, and represent the dissipation of the bulk kinetic energy of the jet in the shock,
i.e. either the termination shock of the jet against the ISM or the internal shock of the colliding loops
of the jet spiral. The absence of emission lines in ASCA spectra of the lobes suggests that the emission
is non-thermal, but this needs to be confirmed with the SXS and HXI. The HXI image and spectra will
clarify the emission process, and enable calorimetry of the jet. The detection of any thermal component
in the shock would provide additional information on the dissipation of the jet.
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Figure 14: The schematic view of the SS 433 system.
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Figure 15: Simulated SXS (red) and HXI (black) spectra are shown above, based on the high (left) and low (right) states observed in
the ULX IC 342 X-1 by Yoshida et al. (2013). The source luminosity was 1 × 1040 erg s−1, and 5 × 1039 erg s−1 in the high and low
state, respectively. In 150 ks of exposure, He-like and H-like Fe absorption lines with equivalent widths above 30 eV can be detected
at more than 99.9% confidence, and the velocity shifts of the lines can be well determined to within 250 km/s. In the figures above,
equivalent widths of 40 eV were assumed, and the spectra are binned for visual clarity.
6.3 Models for ULXs
Ultraluminous X-ray sources (ULXs) are off-nuclear X-ray point-like sources with large luminosities exceeding
the Eddington luminosity of stellar mass black holes (see, e.g., Miller & Colbert 2004; Schartel 2011; Walton
et al. 2011). Despite extensive studies over three decades, the nature of the central engine in ULXs remains an
open question. However, it is likely that ULXs represent a new sort of accretion flow: subcritical accretion onto
intermediate-mass black holes (IMBHs; M ≥ 100M; e.g. Makishima et al. 2000; Godet et al. 2009; Webb
et al. 2010; Sutton et al. 2012), or supercritical accretion onto stellar-mass black holes (e.g. King et al. 2001;
Watarai et al. 2001). Of course, it is possible that the class encompasses both source types.
Each hypothesis has pros and cons. Some ULXs show blackbody-like spectra whose temperatures are
kT ∼0.2 keV, indicating large innermost radii, and suggesting a black hole mass within the IMBH range (e.g.
Miller, Fabian, & Miller 2004a), while some others show rather high temperatures, > 1 keV, potentially sup-
porting the supercritical scenario (e.g. Vierdayanti et al. 2006b). The discovery of very low frequency QPOs
(Strohmayer & Mushotzky 2009) also supports the IMBH hypothesis. From the viewpoint of the star formation
theory, however, it is difficult to form an IMBH (e.g. Madhusudhan et al. 2006). Optical nebulae surround some
ULXs and have been used as bolometers; this technique suggests large luminosities and also favors IMBHs (see,
e.g., Pakull & Mirioni 2002; Kaaret et al. 2004). Sustained fuelling of the accretion flow is difficult in both
scenarios.
In any case, these are new possibilities and their unique properties must be explored both observationally
and theoretically. Studies with ASTRO-H are expected to open new windows. If the supercritical accretion
scenario is correct, we expect absorption features in the SXS spectra produced by strong outflow associated
with supercritical flow. Recent work has placed very strong limits on the equivalent width of emission and
absorption lines in Ho IX X-1 and NGC 1313 X-1 (Walton et al., 2012). The upper limit obtained for Ho IX
X-1, just 30 eV, is within the range of absorption line strengths detected in Galactic black hole X-ray binaries,
and an order of magnitude below the expected line strength of the mass outflow rate scales with the inflow
rate. A deep, extremely sensitive SXS spectrum may finally be able to detect absorption lines consistent with a
super-Eddington wind.
An example of the ability of ASTRO-H to decisively detect or reject the outflows expected from super-
Eddington accretion is shown in Figure 15. Two states of the well-known ULX IC 342 X-1 are simulated,
based on the continua and flux levels reported by Yoshida et al. (2013). Narrow lines from He-like and H-like
Fe can be detected at greater than the 99.9% confidence level in a 150 ks exposure, assuming equivalent widths
of 30 eV (comparable to current limits).
It is also essential to obtain broad band spectra of ULXs (up to a few hundreds of keV) with SXI and HXI
for the first time to establish similarities and differences between ULXs, Galactic black hole binaries (BHBs),
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Figure 16: Expected spectral energy distributions (based on a Comptonization model for ULXs; see Yoshida et al. (2013)) with
parameters of IC 342 X-1 during its power-law (PL) state: (kTe, τ) = (1.8 keV, 8.5) by the black slid line, (7 keV, 3.6) by the gray solid
line, and (20 keV, 1.8) by the gray dashed line, respectively. The seed photon temperature of both states is assumed to be 0.1 keV. The
energy range of the ASTRO-H is shown at the top-right corner. Adopted from Yoshida et al. (2013).
and AGNs. Like Galactic BHBs, ULXs exhibit spectral state transitions, however, the relationship between the
spectral states and luminosities, and with timing properties are poorly investigated.
The spectra of some ULXs can be interpreted as the result of thermal Comptonization by relatively low-
temperature electrons (kTe ' 5 keV), much lower than those found in other black hole systems (with ∼ 100
keV). Gladstone et al. (2009) defined a state encompassing such spectra, the “ultra-luminous” state (see also
Vierdayanti et al. 2010). This spectral decomposition is in agreement with some simulations (Kawashima et al.,
2012), and provides support for the supercritical scenario. If this scenario is correct, we should see a spectral
turnover in the hard X-ray range.
The same is true for another state of ULXs, the power-law spectral state. Physical understanding of the power-
law spectra of ULXs is a potential key to a deeper understanding of the nature of ULXs, since the supercritical
scenario predicts a spectral turnover in the hard X-ray band (Yoshida et al. 2013; see figure 16). If the power-
law spectral component extends up to ∼ 100 keV, ULXs are more likely to be normal mode of accretion; that
is, the IMBH hypothesis is supported. Clearly, the existence or absence of a break in the power-law tail, will
give us important information regarding the physical situations of ULXs.
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